In this study, we propose an exhaustion model and an adapted work-hardening model to explain the long-term basic creep of concrete. In both models, the macroscopic creep strain originates from local microscopic relaxations. The two models differ in how the activation energies of those relaxations are distributed and evolve during the creep process. With those models, at least up to a few dozen MPa, the applied stress must not modify the rate at which those relaxations occur, but only enables the manifestation of each local microscopic relaxation into an infinitesimal increment of basic creep strain. The two models capture equally well several phenomenological features of the basic creep of concrete. They also make it possible to explain why the indentation technique enables the quantitative characterization of the long-term kinetics of logarithmic creep of cement-based materials orders of magnitude faster than by macroscopic testing. The models hint at a physical origin for the relaxations that is related to disjoining pressures.
Introduction
Since the work of Hatt in 1907 [1] and the saving of the Veurdre bridge by Freyssinet in 1912 [2] , concrete is known to creep, i.e. to deform over time when subjected to a constant load. Creep of concrete impacts the durability of civil engineering infrastructures: creep can, for instance, lead to excessive deflections of bridges [3] or to a decrease of prestress in the confinement building of nuclear power plants [4] , hence requiring monitoring, maintenance or even sometimes replacement of the infrastructure. Most agree that the viscous behaviour of concrete mostly originates from its hydrates, and from its main constituent in ordinary Portland cement, namely calcium silicate hydrates (noted C-S-H). However, the physical origin of creep of concrete is still debated. In the short term, loadinduced redistribution of water (i.e. consolidation) within the microstructure is considered to play a role [5] . For what concerns creep in a longer term, various theories have been proposed, among which: microsliding of the C-S-H layers over each other [6, 7] , additional self-drying due to microcracking [8] , dissolution and then re-precipitation of the hydrates [9, 10] , hopping over energy barriers modified by the applied load [5] , free volume dynamics [11] , existence of a microprestress that impacts the apparent viscosity of the material and relaxes over time as a consequence of breakage of atomic bonds and their restoration [12] . Several of the proposed physical processes could occur concomitantly.
Time-dependent deformations of concrete are sensitive to relative humidity and can be characterized on a sample that is free to exchange moisture with its surroundings or, in contrast, on a sample that is sealed for its moisture content to remain constant. Creep of a sealed sample of concrete is characterized by applying a constant mechanical load to the sample and measuring how its strains evolve over time. However, even in the absence of mechanical load, a sealed sample of concrete deforms over time, as a consequence of hydration [2] , capillary effects induced by self-desiccation [13, 14] and/or relaxation of eigenstresses [15] . This timedependent strain of a sealed sample in the absence of any mechanical load is called autogenous shrinkage. The difference between the time-dependent strain of a sealed sample in the presence of a constant mechanical load and that of a sealed sample in the absence of any mechanical load (i.e. autogenous shrinkage) is called basic creep. Thus, basic creep can be interpreted as the part of the time-dependent strain that is induced by the mechanical load.
The focus of this manuscript is basic creep, which has been extensively characterized [16, 17] . In terms of phenomenology, several features can be noted. (1) Up to about 30% of its compressive strength, basic creep of mature concrete depends linearly on the applied stress [16] . (2) After some time, basic creep evolves linearly with the logarithm of time. Such qualitative feature, which manifests itself on some pre-stressed concrete bridges for instance [3] , is taken into account in some codes like the fib Model Code 2010 [18] and in some models like the B4 model [17, 19] . ( 3) The viscoelastic Poisson's ratio of concrete remains roughly constant over time for concrete samples whose elastic Poisson's ratio is comprised between 0.15 and 0.20 [20] . (4) The characteristic time to reach the logarithmic kinetics of creep increases with the age at which the sample is loaded [21] . (5) Indentation makes it possible to characterize the long-term kinetics of logarithmic creep of cement-based materials orders of magnitude faster than by macroscopic testing [22] .
The objective of this manuscript is to find out a model for creep of concrete that verifies the phenomenology just described. In particular, one striking qualitative feature of concrete creep is its logarithmic evolution with time in the long term. Such kinetics is also observed on soils [23] or on metallic alloys [24] . For those latter, two models have been proposed, which make it possible to retrieve a logarithmic evolution of strains with respect to time [25] : those two models are called the exhaustion model and the work-hardening model. In those two models, the macroscopic deformation is initiated at sites whose activation requires some energy (i.e. an energy barrier needs to be overcome). The two models differ in how the activation energies are distributed and evolve during the creep process. In our manuscript, we aim at finding out whether those two models can explain basic creep of concrete and its phenomenology. We interpret the local initiations of deformation as local microscopic relaxations. The exhaustion model is used as is, but the work-hardening model is adapted.
In §2, we introduce the models. In §3, we check how consistent the models are with respect to the observed phenomenology. Further discussion is performed in §4, before we conclude.
Models
We consider a material loaded with a macroscopic stress Σ (figure 1). In the two proposed models, we consider that the material is subjected to a succession of local microscopic relaxations. Autogenous shrinkage is the macroscopic strain induced by the local microscopic relaxation of a prestressed/eigenstressed microscopic element (i.e. the red spring). Basic creep is the macroscopic strain induced by the local microscopic relaxation of a microscopic element in the absence of any prestress/eigenstress (i.e. the black spring) but in the presence of the macroscopic stress Σ. The meaning of the colours is the following: a red spring is a microscopic element subjected to a prestress/eigenstress (i.e. a microscopic element that is stressed even when no macroscopic stress is applied); a black spring is a microscopic element submitted to no prestress/eigenstress; a brown spring is a microscopic element which may or may not be prestressed/eigenstressed. (Online version in colour.)
If, in the absence of any macroscopic stress, a local microscopic relaxation leads to an increment of macroscopic strain (which will happen if the microscopic volume to be relaxed is prestressed/eigenstressed), with respect to the terminology commonly used to describe timedependent deformations of concrete, this increment is interpreted as autogenous shrinkage. Here, since we are interested in basic creep, the strain of interest for our problem is the one in excess of this autogenous shrinkage, i.e. the additional incremental strain occurring during the local microscopic relaxation, as a consequence of the presence of the macroscopic stress Σ (figure 1). We consider that each local microscopic relaxation requires an activation energy U. Classically, in the spirit of the transition state theory [26] , the characteristic time τ m for this local microscopic relaxation to occur should scale with the Boltzmann distribution exp(U/k B T), where k B is the Boltzmann constant and T is the absolute temperature:
where τ 0 is a microscopic characteristic time. This relation has been found to correctly describe a variety of nanoscale phenomena phenomenologically, e.g. cell adhesion [27] or drying creep of nanoporous solids [28] . However, this relation is no more valid when the nanoscale processes are governed by a complex energy landscape that involves a variety of energy barriers, or in cases where the transition state theory itself breaks down. We assume that, under the action of a macroscopic stress Σ, the local relaxation will always lead to the release of the same elastic energy, on the order of (Σ 2 /2E)Ω m , where E is Young's modulus of the material and Ω m is the characteristic microscopic volume relaxed at each local microscopic relaxation. Indeed, under the assumption of linear elasticity, (Σ 2 /2E)Ω m is the elastic energy stored in the microscopic volume Ω m submitted to a macroscopic stress Σ. The small increment ε ind of macroscopic basic creep strain caused by each local microscopic relaxation is such that the work Σε ind Ω (where Ω is the volume of the material) provided by the macroscopic stress Σ in the small increment ε ind of macroscopic strain is equal to twice the elastic energy released during the relaxation (since the other half of this work is stored as an increase of elastic energy in the part of the material that was not subjected to the relaxation), i.e. Σε ind Ω ∼ (Σ 2 /E)Ω m , so that:
Consequently, for each local microscopic relaxation event, the increment ε ind of the fraction of the macroscopic strain that contributes to basic creep is proportional to the macroscopic stress Σ applied to the material. As we will see, the two models here proposed will yield a creep function ε(t)/Σ that evolves logarithmically with time after a transient period, i.e. that can be approximated in the long term by
The parameter τ will be referred as to the characteristic time of logarithmic creep, and the parameter α as to the prefactor to logarithmic creep. This prefactor, whose dimension is that of the inverse of a stiffness, governs the long-term logarithmic kinetics of creep since, in the long term:ε(t)/Σ ≈ α/t.
(a) Exhaustion model
In the exhaustion model (figure 2a), activation energies U 0 are distributed uniformly. The number of local microscopic relaxation sites with an activation energy comprised between U 0 and U 0 + dU 0 is notedn 0 dU 0 , wheren 0 , whose dimension is the inverse of an energy, is constant. Under the action of a macroscopic stress Σ, the activation energies may be impacted. Hence, in first order, the activation energies are
where the dimension of v exh is that of an energy divided by a stress, i.e. of a volume. The characteristic time for a given local relaxation to occur scales as τ m = τ 0 exp(
Assuming a Poisson's process for the local microscopic relaxations of sites with an activation energy (in the absence of any macroscopic stress) comprised between U 0 and U 0 + dU 0 , the fraction of those sites that will have relaxed at time t is 1 − exp(−t/τ m ). Consequently, the contribution of the relaxation of those sites to the macroscopic basic creep strain over time is: n 0 dU 0 (1 − e −t/τ m ) ε ind . Summing over all activation energies, the macroscopic basic creep strain ε(t) hence increases as Figure 2 . Probability density functions of the activation energies (a) in the exhaustion model and (b) in the work-hardening model. The activation energy U 0 is that in the absence of macroscopic stress Σ and of prestress/eigenstress σ . In the workhardening model, the probability density function is a Dirac delta function.
which, since the microsocopic time τ m is given by equation (2.1) and the activation energies by equation (2.4), can be solved as
where γ is the Euler-Mascheroni constant and where E1 is an exponential integral. For large times the function E1 vanishes, so that, in the long term, the creep function ε(t)/Σ evolves as
which makes it possible to retrieve a logarithmic evolution of long-term basic creep strains.
(b) Adapted work-hardening model
In the work-hardening model (figure 2b), the activation energy U is the same at all local microscopic relaxation sites, but evolves over time. In the version of the work-hardening model proposed by Nabarro [25] , the activation energies increase with strain. Here, in a dual version, we consider that there exists some microscopic prestress/eigenstress σ which impacts the activation energies and is impacted by the local microscopic relaxations. This microscopic prestress/eigenstress is in fact present in the work-hardening model of Nabarro [25] , as it intervenes in the definition of a so-called 'effective stress'. In concrete science, this microscopic prestress/eigenstress can be the micro-prestress of Bažant et al. [12] or the eigenstress of Abuhaikal et al. [15] (hence the reference to a 'prestress/eigenstress' in the caption of figure 1) . As was the case with the exhaustion model, we also consider here that the applied macroscopic stress Σ, as well as the prestress/eigenstress σ , can impact the activation energies U, hence expressed as
where U 0 is the activation energy of all local microscopic relaxation sites in the absence of macroscopic stress Σ and of prestress/eigenstress σ , and where v Σ wor and v σ wor are two parameters whose dimension is that of an energy divided by a stress, i.e. a volume. The rate at which the prestress/eigenstress σ relaxes must be proportional to the rate at which local microscopic relaxation events occur (which is equivalent to stating that, on average, each local microscopic relaxation event relaxes the prestress/eigenstress σ by a same amount σ ind ), so that, in accordance with equation (2.1):
whereσ 0 is a constant parameter homogeneous to a stress divided by a time. The solution to this differential equation is
where σ 0 is the prestress/eigenstress at time t = 0. According to this equation, the prestress/ eigenstress decreases logarithmically with respect to time. Since both the relaxation of the prestress/eigenstress σ (t) and the increase of the basic creep strain ε(t) are due to local microscopic relaxations, they must evolve in a proportional manner, from which one finds:
which also makes it possible to retrieve a logarithmic evolution of long-term basic creep strains. Indeed, in the long term,
Features of models and agreement with phenomenology
In this section, we will compare features of the models with phenomenology of basic creep of concrete. Data from macroscopic uniaxial experiments are from the database gathered by Bažant's group [29] . We only consider basic creep data on samples loaded in uniaxial compression at less than 30% of their compressive strength, at temperatures between 15 • C and 25 • C, loaded at an age greater than 3 days, with no lightweight aggregates, for which if the total strain (i.e. the sum of the elastic strain and the creep strain) was given rather than the creep strain, Young's modulus was given as well (to make it possible to calculate the creep strain). Typical measurements are displayed in figure 3 .
(a) Linearity of creep behaviour
But at the very early age (i.e. before 3 days), creep of concrete is known to be linear with respect to the applied load, up to a threshold ratio of the applied compressive stress to the compressive strength [16] . This threshold ratio is accepted to be at least equal to 30% [16] , which, for a typical concrete with a compressive strength of 60 MPa, translates into a linearity of the creep behaviour up to about 20 MPa of applied stress. Such linearity is for instance visible on figure 4, which shows that the derivative of the creep function in the long term is independent of the applied stress Σ.
An observation of equations (2.6) and (2.11) shows that, for the linearity of the creep function ε(t)/Σ to be ensured, for each model its characteristic time (i.e. τ exh for the exhaustion model, and τ wor for the adapted work-hardening model) must be independent of the applied macroscopic stress. For the exhaustion model, equation (2.6) implies that the applied macroscopic stress Σ must verify v exh Σ k B T, i.e. that the applied macroscopic stress must modify the distributed activation energies by much less than k B T. The fact that this constraint must be satisfied for a macroscopic stress of at least 20 MPa implies that the volume v exh should verify v exh 0.2 nm 3 . By contrast, for the adapted work-hardening model, equation (2.11) Figure 3 . Examples of creep compliances measured on a given concrete at several ages and load levels by Le Roy [30] . The creep compliance is the total strain (i.e. the sum of the elastic strain and the creep strain) divided by the applied stress. The first element in the label is the file identifier in the database gathered by Bažant's group [29] . (Online version in colour.) Each curve corresponds to creep experiments performed on 1 mix design. Among the tests selected based on the criteria described at the beginning of §3, we only considered tests for which the long-term data spanned at least one decade and for which creep experiments were performed at several loads on the same mix design. Long term was considered to start at 7 days or at three times a characteristic time introduced in the fib Model Code 2010 [18] 2 , where τ L is the age at loading and τ ref = 1 day), whichever was the larger. Eventually, data are from [30] [31] [32] [33] [34] . (Online version in colour.) must not modify significantly the activation energies that prevail in the material in the absence of macroscopic stress (but the magnitude of those activation energies is not known).
With both models, the linearity of the basic creep strain with respect to the applied stress can be retrieved, as soon as the applied stress is sufficiently small (even though what 'sufficiently small' means differs for the two models), and, to be in accordance with experimental observations, an applied stress of 20 MPa must be sufficiently small. In turn, this constraint implies that, at least up to 20 MPa, the applied stress has no effect on the activation energies, and hence no effect on the probability for local microscopic sites to relax. Said otherwise, local relaxations must occur in the absence of macroscopic stress as often as when a macroscopic stress is applied (at least up to 20 MPa). If a macroscopic stress is applied, when those local relaxations occur, the relaxation translates into an additional increment of strain, which we interpret macroscopically as basic creep. But the applied macroscopic stress is not the reason for the local relaxation event (at least up to 20 MPa of applied macroscopic stress).
(b) Viscoelastic Poisson's ratio
Based on an analysis of the data available in the literature, Aili et al. [20] showed that the viscoelastic Poisson's ratio of concrete remains close to its elastic Poisson's ratio, when the elastic Poisson's ratio is comprised between 0.15 and 0.2, which is a typical range of values for cementbased materials. When the elastic Poisson's ratio is greater than 0.2, the viscoelastic Poisson's ratio decreases over time, so that its final value is comprised between 0.15 and 0.2 as well ( figure 5 ).
Here, we show that the two proposed models predict time evolutions of viscoelastic Poisson's ratio which are quite consistent with those experimental observations. We define the viscoelastic Poisson's ratio as the opposite −ε l /ε a of the ratio between lateral ε l (t) and axial ε a (t) strain during a uniaxial creep experiment. An alternative definition of a viscoelastic Poisson's ratio can be proposed based on a relaxation test, which would yield a viscoelastic Poisson's ratio that, strictly speaking, differs from the one defined on a creep experiment. However, Aili et al. [20] showed that, for cement-based materials, using one or the other definition yields viscoelastic Poisson's ratios that only differ in a negligible manner from each other in practice.
We hence consider our material subjected to a constant macroscopic stress Σ and aim at calculating how its viscoelastic Poisson's ratio evolves over time. We calculate the increments dε a and dε l of axial and lateral strains, respectively, which occur when an infinitesimal volume fraction df of the material is subjected to local relaxation events. Again, as already explained in §2, the local relaxation event itself can induce a strain (if the relaxed volume was prestressed/eigenstressed), which would be interpreted as autogenous shrinkage. But here we are interested in basic creep, i.e. in the strain that occurs during this local relaxation event in addition to autogenous shrinkage, i.e. as a consequence of the fact that the sample is under macrsocopic stress. Those infinitesimal increments dε a and dε l of basic creep strains occurring when an infinitesimal volume fraction df of the material is subjected to local relaxation events figure 1-bottom) .
We consider that the elastic properties of our material are: bulk modulus K 0 and shear modulus G 0 , or, equivalently, Young's modulus E 0 = 9K 0 G 0 /(3K 0 + G 0 ) and elastic Poisson's ratio ν 0 = (3K 0 − 2G 0 )/(2(3K 0 + G 0 )). Calculating the incremental strains dε a and dε l is therefore equivalent to calculating the strains one expects when a volume fraction df of this material of reference is replaced by pores. The strains in this latter case can be obtained if one knows the macroscopic stiffness of the material in the presence of a volume fraction df of pores. Such stiffness can be calculated with the dilute scheme model derived by Eshelby [35] . According to this model, the bulk modulus K E and shear modulus G E of a material whose bulk modulus of the matrix is K 0 , whose shear modulus of the matrix is G 0 , and that contains pores that occupy a small volume fraction f , are [36, ch. 4, §3.2]:
where
) and since ε a = Σ/E E and ε l = −Σν E /E E , the increments dε a and dε l of axial strain and radial strain, respectively, observed when a volume fraction df of the material is relaxed, can be calculated through
and dε l = Σξ l df , where
.
Under the assumption that the local stiffness does not evolve with the local relaxation event (i.e. that the local relaxation event is not a micro-cracking of the material, or does not induce any damage), radial and axial strains evolve linearly with the cumulative volume fraction f (t) of material that has been subjected to local relaxation events before time t. Consequently,
, where the function ζ (t) can be identified, with the help of equations (2.6) and (2.11), with ζ (t) = (k B TΩ m /(v σ wor Eσ ind Ωξ a )) ln(1 + t/τ wor ) for the adapted work-hardening model and with ζ (t) = (n 0 k B TΩ m /(EΩξ a ))[ln(t/τ 0 ) + E1(t/τ 0 ) + γ ] for the exhaustion model, and is therefore a diverging function for both models. Finally, the viscoelastic Poisson's ratio ν(t) is found to evolve as
The asymptotic value predicted by the model is displayed in figure 5 , together with the experimental asymptotic values given in Aili et al. [20] . With the two models, if the elastic Poisson's ratio of the material is equal to 0.2, its viscoelastic Poisson's ratio remains constant over time, which is one of the conclusions of Aili et al. [20] based on their analysis of experimental observations. With the model again, if the elastic Poisson's ratio differs from 0.2, the asymptotic value of the viscoelastic Poisson's ratio in the long term is strictly in the range between 0.2 and the elastic Poisson's ratio. As one observes in figure 5 , the predictions of asymptotic longterm viscoelastic Poisson's ratios obtained with the model are in quite good agreement with the experimental observations. The discrepancy could be due to the heterogeneity of concrete, since the derivation performed in this section is for a homogeneous material. Discrepancy could also be due to the difficulty in measuring long-term evolutions of viscoelastic Poisson's ratios with accuracy. 6 . Impact of the applied macroscopic stress Σ on the characteristic time τ of logarithmic creep. The macroscopic uniaxial compressions are those respecting the criteria enumerated in §3; data are from [30] [31] [32] [33] [34] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] ; each data point corresponds to an average performed on all experiments on 1 mix design, independent of the load level or of the age at loading. Berkovich indentations at 2 and 100 mN and cube corner indentations at 0.5 mN are from [49] , and Berkovich indentations at 20 N are from [22] ; each data point corresponds to an average performed on all indentations performed on the hydrates of 1 mix design; the applied macroscopic stress is equal to the average of the measured indentation hardnesses. (Online version in colour.)
(c) Measurement of creep properties by indentation
Indentation is an experimental technique to measure the mechanical properties of small volumes of materials, and in particular their creep properties [37] . Both nanoindentation [11] and microindentation [22] make it possible to characterize the long-term kinetics of logarithmic creep of cement-based materials, and provide results that are quantitatively consistent with the longterm kinetics of logarithmic creep characterized by macroscopic testing. Such consistency is surprising, because indentation experiments only last for a few minutes, while the characteristic time of logarithmic creep characterized by macroscopic testing is much longer, rather on the order of the day ( figure 6 or figure 8 ). The reason why indentation is able to probe this long-term kinetics is that, with indentation testing, the characteristic time of logarithmic creep is rather on the order of 1 s ( figure 6 ). However, why this characteristic time is much smaller by indentation testing than by macroscopic testing remained unclear. Here, we aim at finding out whether the two proposed models can explain those observations. The reason that we will put forward is that stresses involved during indentation creep experiments are much larger than stresses involved during macroscopic uniaxial creep experiments. Indeed, because of the sharpness of the Berkovich or the Cube-Corner indenter probe, stresses obtained by microindentations on cement paste or by nanoindentations on calcium silicate hydrate phases are on the order of a few hundred MPa to about 1 GPa (figure 6), i.e. much higher than the stresses that are applied to macroscopic concrete samples in regular macroscopic testing.
Why large stresses could make it possible to reach the logarithmic kinetics of creep much faster than by regular macroscopic testing is readily visible from equations (2.7) and (2.11): if the applied macroscopic stress is sufficiently high, it will shift the characteristic time to much lower values. For the exhaustion model, the stresses must be sufficiently high to shift the activation energies by an amount on the order of v exh Σ ∼ k B T. For the adapted work-hardening model, the stresses must be sufficiently high to significantly modify the initial activation energies U 0 − v σ wor σ 0 . The other surprising feature of indentation is that its characterization of the logarithmic kinetics of creep (i.e. of the prefactor α in equation (2.3) ) is quantitatively consistent with macroscopic experiments. Here again, with the two models here proposed, the reason why it is so is clear: the prefactor in front of the logarithmic term in equations (2.7) and (2.12), which governs the long-term creep rate, does not depend on the applied macroscopic stress Σ, even when this stress is arbitrarily large.
This observation makes it possible to estimate the characteristic macroscopic stress Σ char below which the applied macroscopic stress Σ does not impact the probability of local microscopic relaxations, and above which it does. Indeed, the linearity of the basic creep behaviour observed for stresses smaller than a few dozen MPa (see §3a) implies that Σ char is larger than a few dozen MPa. By contrast, the fact that indentation experiments make it possible to decrease the characteristic time significantly implies that Σ char must be smaller than a few hundred MPa. Consequently, the characteristic macroscopic stress Σ char must be somewhere between a few dozen and a few hundred MPa. This estimate makes sense, as it is comparable to the magnitude of disjoining pressures which prevail in microporous materials (such as cement-based materials), i.e. in materials with pores smaller than 2 nm: indeed, because of intermolecular interactions between molecules of the pore fluid and atoms of the solid skeleton, those disjoining pressures (defined as the difference between the mechanical pressure of the fluid and its thermodynamic pressure [50] ) can reach characteristic magnitudes of a few hundred MPa [51] , although lower [52] as well as higher values [53] are also reported (but note that the magnitude of the disjoining pressures strongly depends on the interlayer distance [54] , such that the disjoining pressures in actual materials, in which only specific interlayer distances are observed, could be much lower than the maximal disjoining pressures reported in molecular simulation studies that explore a complete range of interlayer distances). This comparison of orders of magnitude hints toward local microscopic relaxations in cement-based materials which are controlled by disjoining pressure effects if the sample is not loaded mechanically or tested in regular uniaxial macroscopic experiments, but which are controlled by the applied load in indentation experiments.
In short, the models here proposed make it possible to explain why indentation decreases the characteristic time τ of logarithmic creep by several orders of magnitude (with respect to macroscopic testing) while enabling a quantitative measurement of the kinetics of this logarithmic creep (which is governed by the parameter α, see equation (2.3)). The reason why the magnitude of the logarithmic kinetics of creep measured with indentation is quantitatively consistent with the one measured with macroscopic experiments is that the prefactors that govern this kinetics are independent of the applied stress (see equations (2.7) and (2.12)). By contrast, the reason put forward for the observed decrease in characteristic time is that indentation experiments involve stresses of several hundred MPa, i.e. on the order of or even larger than disjoining pressures that prevail in microporous solids such as cement-based materials. The reasoning here performed suggests that local microscopic relaxations in cement-based materials are governed by disjoining pressure effects, except at the highest levels of stresses involved in indentation experiments.
Further discussion (a) Magnitude of long-term kinetics of logarithmic creep
The prefactors in equations (2.7) and (2.12), which govern the rate of the long-term logarithmic kinetics of creep, are complex, in the sense that they involve several parameters of unknown magnitude. However, some information can still be inferred from this rate, based on a more macroscopic approach. The logarithmic feature implies that, in the long term, over each decade, the same number n dec of relaxation events occur, which thus relax a same volume n dec Ω m of material. Following the same logic as the one which led to equation (2.2), these relaxations induce an increase dec ε of basic creep strain over a decade which must satisfy ( dec ε)ΣΩ ∼ (Σ 2 /E)nΩ m , Figure 7 . Envisioned process through which the local microscopic relaxation occurs and induces no damage. The meaning of the colours is the following: a red spring is a microscopic element subjected to a prestress/eigenstress (i.e. a microscopic element submitted to a stress, even when no macroscopic stress is applied); a black spring is a microscopic element submitted to no prestress/eigenstress; a brown spring is a microscopic element which may or may not be submitted to a prestress/eigenstress. (Online version in colour.)
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From figure 4, we find that
Considering a characteristic Young's modulus of 30 GPa for the concretes, we find out that the volume fraction nΩ m /Ω of concrete that relaxes over each decade is on the order of 10%.
Creep of concrete is accepted to originate mostly from creep of the calcium silicate hydrates. Since aggregates occupy typically around 60-80% of the volume of a concrete [55] , since capillary porosity occupies around 22% of the volume of cement paste for a water-to-cement mass ratio of 0.5 [55] , and since calcium silicate hydrates occupy typically around 50-60% of the volume of solids in the hydrated cement paste [55] , a typical volume fraction of calcium silicate hydrates in concrete is around 13%. From this estimation, in combination with the estimation performed in the previous paragraph, we find out that, in the long term, over each decade, most of the volume of calcium silicate hydrates is subjected to the local microscopic relaxations. Consequently, if the local microscopic relaxations were some type of micro-cracking, one would expect the material to be significantly damaged after one decade of logarithmic creep. Since, to the best of our knowledge, no significant decrease of modulus is reported for concrete during creep (again, at least up to 30% of the compressive strength), the local microscopic relaxations are not some type of micro-cracking and could rather be interpreted as some type of 'ductile' event. Indeed, concrete is known to be ductile when confinement is sufficiently high [56, 57] . In our case, the ductility may be due to the confinement provided by the concrete surrounding the volume subjected to the local microscopic relaxation. Consequently, rather than what is proposed in figure 1 , a more realistic description of the local microscopic relaxation process could be the one proposed in figure 7 , in which the local microscopic relaxation induces no damage. The fact that broken bonds can be restored in geomaterials is observed experimentally, even in non-hydrating materials: indeed, TenCate et al. [58] showed that the modulus of a sample of concrete, of sandstone or of limestone, which decreases sharply after nonlinear acoustic straining or rapid temperature change, recovers slowly over a time (and in fact linearly with the logarithm of time).
In another manuscript [14] , we confirmed that the kinetics of long-term autogenous shrinkage is consistent with the hypothesis that, in the long term, autogenous shrinkage could be due to creep of the solid skeleton under the action of capillary forces due to self-desiccation. Note that this result is not inconsistent with the idea, put forward in the present manuscript, of a viscous behaviour of concrete that is governed by microscopic relaxations: in the long-term, autogenous shrinkage can be driven by capillary forces which apply a mechanical stress to a solid skeleton whose viscous behaviour is due to microscopic relaxations. 
(b) Elements of comparison with other creep models
This idea that the mature material evolves even in the absence of any applied load is consistent with the microprestress-solidification theory proposed by Bažant et al. [12] . In this theory, as a consequence of hydration and of restraint due to heterogeneity of the microstructure, microprestresses prevail in the material, which, because of disjoining pressure effects, can reach several hundreds of MPa. Because of orientational disorder, these microprestresses, which at some location are orthogonal to the C-S-H layers, act parallel to the C-S-H layers at other locations. The apparent viscosity of the C-S-H is considered to depend on those normal microprestresses. Parallel microprestresses induce sliding of the C-S-H layers over each other, which enables relaxation of the microprestresses, and hence yields an apparent viscosity of the C-S-H that evolves with time. The theory shows that viscosity increases linearly with time which, under load, yields a strain that increases linearly with the logarithm of time in the long term. In the microprestress-solidification theory, the applied mechanical stress has no effect on how fast the microprestresses relax. In this respect, the two models here proposed, based on the idea of local microscopic relaxations events not impacted by macroscopic applied stresses are consistent with the microprestress-solidification theory. The adapted work-hardening model relies on the existence and relaxation of a prestress/eigenstress σ (see §2b), which is the microprestress in the microprestress-solidification theory of Bažant et al. [12] , and is the eigenstress observed by Abuhaikal et al. [15] . To some extent, the adapted work-hardening model can be interpreted as a discrete version of the microprestress-solidification theory, and may provide additional physical basis to this theory. In particular, the idea that microscopic relaxations are impacted by the presence of a microscopic prestress/eigenstress is readily in line with the microprestresssolidification theory. In contrast to the microprestress-solidification theory, the models here proposed avoid having to postulate a relationship between an apparent viscosity of the material and the microprestress: the logarithmic feature of the long-term creep is a consequence of the uniform distribution of activation energies for the exhaustion model, and of the linear dependence of activation energies on stresses for the adapted work-hardening model.
It is interesting that the adapted work-hardening model provides satisfactory agreement with the phenomenology of concrete creep, although concrete is not work-hardening, but strainsoftening: the mechanisms at the origin of the strain-softening behaviour of concrete could differ from those at the origin of its creep behaviour.
The models here proposed are quite different, in terms of spirit, from the rate theory proposed to explain creep of concrete [5] or of geomaterials [59] , although the rate theory also relies on activation of local sites. In that theory, particles constituting the solid skeleton are fixed to their position by interactions with surrounding particles: schematically, they are located in a potential trough. Under the application of a macroscopic stress, the energy landscape is modified, which favours the probability of jump of the particle in some specific directions, which translates into creep. Consequently, in the rate theory, the application of a macroscopic stress modifies the activation energies. By contrast, as explained in §3a, with our models based on local microscopic relaxations, the application of a macroscopic stress (at least up to a few dozen MPa) does not modify the activation energies: local microscopic relaxations occur at a rate that is independent of this macroscopic stress, and the macroscopic stress only enables the manifestation of the local microscopic relaxation into an infinitesimal increment of basic creep strain.
(c) Evolution of characteristic time of logarithmic creep with age at loading For concrete, the characteristic time of logarithmic creep (i.e. the parameter τ that intervenes in equation (2.3) ) is known to increase with the age of the material at which loading is initiated [60] , as can be observed in figure 8 . In this section, we aim at finding out whether this increase with the age of loading can be explained by the two proposed models.
With the exhaustion model, when loading is performed at time τ L , if we consider the relaxation sites with an activation energy U, already a fraction 1 − exp(−τ L /τ m ) has relaxed. Figure 8 . Impact of the age τ L at loading on the characteristic time τ (counted after loading) of logarithmic creep. Among the tests selected based on the criteria described at the beginning of §3, we only considered tests for which the long-term data spanned at least one decade and for which creep experiments were performed at several ages on the same mix design. Longterm was considered to start at 7 days or at three times a characteristic time introduced in the fib Model Code 2010 [18] 
, where τ L is the age at loading and τ ref = 1 day), whichever was the larger. Eventually, data are from [30, 31, 33, 34, 40, 45, 47] . The characteristic time of logarithmic creep was calculated by fitting a line to the long-term creep data displayed on a logarithmic scale and calculating its intercept with the x-axis. (Online version in colour.) a macroscopic stress Σ that is sufficiently small (in the sense of the discussions of §2a, so that activation energies are not impacted by this stress), the contribution to strain of the relaxation of the remaining sites is
where t is the time after loading. The solution to this equation, following the same type of derivation as in §2a, is
which in the long term is approximately equal to 4) so that the characteristic time τ exh (counted after loading) of logarithmic creep can be calculated as: One can perform the same type of calculation with the adapted work-hardening model. Akin to the logic of §2b, once the macroscopic stress Σ is applied, the basic creep strain increases linearly with the decrease of prestress/eigenstress σ , whose expression is given in equation (2.10) so that:
Therefore, with the adapted work-hardening model, the characteristic time τ wor (counted after loading) of logarithmic creep verifies
With the adapted work-hardening model also, the characteristic time after which creep is logarithmic increases with the age at loading, which is consistent with experimental observations. For this feature also (i.e. how the characteristic time to reach the logarithmic kinetics of creep evolves with the age of loading), both models lead to the same phenomenology, by predicting a characteristic time that increases linearly with the age of loading. However, according to the models, this characteristic time is larger than is found experimentally, as can be observed in figure 8 , in which we set τ 0 = τ wor = 1 s. Such discrepancy is not surprising, as the main reason for aging of concrete is the evolution of hydration, which makes the mechanical properties of cementbased materials evolve over time. Also, this characteristic time to reach the logarithmic kinetics of creep may be impacted by processes specific to short-term creep (e.g., redistribution of water within the microstructure) and distinct from the local microscopic relaxations. In any case, it is interesting to observe that the two models here proposed, which disregard hydration, still predict an increase of the characteristic time with the age of loading. Consequently, in concrete, part of this observed increase could be a consequence not of hydration per se, but an intrinsic consequence of the relaxation process itself. Such idea is in line with the microprestress-solidification theory [12] , in which ageing of concrete is partly due to hydration (i.e. the solidification part of the theory) and partly due to a relaxation process that is independent of hydration (i.e. the microprestress part of the theory).
Conclusion
We proposed two models based on the idea of local microscopic relaxations to explain long-term basic creep of concrete. Those models (namely the exhaustion model and the work-hardening model), inspired from the literature on creep of metallic alloys, differ by how their activation energies are distributed and evolve during the creep process. We used the exhaustion model as is, but adapted the work-hardening model to formulate it as a function of the prestress/eigenstress prevailing in the material, rather than as a function of strain. The two models put the emphasis on stresses, activation energies and their evolutions during the creep process, rather than on strains and evolutions of the microstructure.
Both models can be consistent with quite a large corpus of phenomenological observations on basic creep of concrete:
(i) Linearity of the basic creep behaviour with the applied macroscopic stress for stresses up to about 30% of the compressive strength. To ensure this linearity, the activation energies of the local microscopic relaxation sites must not be significantly impacted by the applied macroscopic stress. Consequently, at least up to about a few dozen MPa, local microscopic relaxations must occur at a rate that is independent of the applied stress. Said otherwise, it is not the applied macroscopic stress that induces the local microscopic relaxations (i.e. it is not the modification of the energy landscape by the applied macroscopic stress that is the reason for the creep process, as is the case in the rate theory [5] ): those relaxations occur even in the absence of any applied macroscopic stress but, when they occur in the presence of a macroscopic stress, they translate into infinitesimal strains interpreted as basic creep. The strain induced by a local microscopic relaxation in the absence of a macroscopic stress is autogenous shrinkage. (ii) A basic creep strain that evolves linearly with the logarithm of time, after some time.
(iii) A viscoelastic Poisson's ratio that remains roughly constant over time for materials with an elastic Poisson's ratio between 0.15 and 0.2. Said otherwise, the models are also consistent with a tridimensional feature of the creep behaviour. In fact, the models predict that the viscoelastic Poisson's ratio of a material with an elastic Poisson's ratio equal to 0.2 must remain constant over time. (iv) Phenomenology related to indentation creep measurements, namely that indentations make it possible to reach the logarithmic kinetics of creep orders of magnitude faster than by macroscopic testing, and provide a logarithmic kinetics of creep that is quantitatively consistent with that obtained with macroscopic testing. With the models, the reason for the latter observation is that the prefactors of the logarithmic term in equations (2.7) and (2.10) do not depend on the applied macroscopic stress: independent of its magnitude, the applied macroscopic stress does not modify the kinetics of logarithmic creep. By contrast, with the models, the reason for the former observation is that stresses below the indenter tip-on the order of a few hundred MPa to about 1 GPa-must be sufficiently large to significantly decrease the activation energies of the local microscopic relaxation sites. Since, as explained before, linearity of the creep behaviour with respect to the applied stress observed in macroscopic testing imposes that stresses on the order of a few dozen MPa do not modify significantly these activation energies, we reach the conclusion that the characteristic magnitude of the threshold stresses that can impact activation energies must be comprised between a few dozen MPa and a few hundred MPa. Such magnitude is consistent with the magnitude of disjoining pressures which prevail in microporous systems such as cement-based materials (i.e. in porous systems with pores with a width below 2 nm), as those disjoining pressures can be on the order of a few hundred MPa. This observation hints toward activation energies of local microscopic relaxation sites which find their physical origin in the presence of disjoining pressures.
The whole phenomenology on basic creep of concrete does not allow to distinguish which of the two models (i.e. the exhaustion model or the adapted work-hardening model) is the more relevant: on the various experimental observations considered, each model is as good as the other.
With the two models here proposed, the material evolves over time, independently of the applied stress. To this respect, the proposed models are consistent with the microprestresssolidification theory of Bažant et al. [12] , in which the apparent viscosity of the material evolves with time independently of the applied load. The adapted work-hardening model relies on the existence and relaxation of a prestress/eigenstress, which is the microprestress in the microprestress-solidification theory of Bažant et al. [12] and the eigenstress observed by Abuhaikal et al. [15] . To some extent, the adapted work-hardening model can be interpreted as a discrete version of the microprestress-solidification theory of Bažant et al. [12] and may provide additional physical basis to this theory.
Given that creep of soils like clays or sands is also logarithmic with respect to time in the long term, one can reasonably wonder whether the physical origin of creep for soils is the same as for cement-based materials, and whether the two proposed models (or one of the two) based on local microscopic relaxations are also relevant to explain the creep of soils. In contrast to cement-based materials, soils are materials whose chemical composition usually does not evolve over time, and
